This paper explores the potential for studying supersymmetry (SUSY) at the Next Linear Collider. The NLC is not only a discovery machine, but can also be used to make detailed measurements of SUSY particle properties. We show why the NLC is a vital machine for this area of research by describing a number of analysis techniques that we use, and then illustrating this potential by analyzing simulated data from one specific model.
I. INTRODUCTION
The NLC can be used to perform many useful studies of supersymmetry in a clean and simple manner; in particular:
It allows the discovery and the measurement of the particle mass spectrum predicted by SUSY, and It allows one to measure the cross sections, branching ratios and production angle distributions, which lead to the determination of the soft breaking and Higgsino mass parameters and the couplings of the SUSY particles (sparticles).
The NLC has many useful features that help in the study of supersymmetry. These include:
The large electron longitudinal polarization. The beam energy can be tuned to optimize analysis. A high signal to background ratio which allows measurements of masses, differential cross sections and relative branching ratios.
A. Sparticle Discovery and Mass Measurements
The various aspects of supersymmetry and the properties of the SUSY particle spectrum based on the minimal SUGRA model (with its assumptions about the universal supersymmetry parameters at the high scale) has been described elsewhere [1, 2] . If R-parity is conserved, as the models assume, then sparticles are produced in pairs and the lightest supersymmetric particle (LSP) at the end of the decay chain escapes the detector unobserved, carrying away a large fraction of the initial energy. This characteristic of the production of sparticles and the fact that the center of mass energy is very well known in e + e ? annihilation leads to a very clean separation of the signal from the standard model (SM) processes. This allows accurate sparticle mass determinations using the endpoint of the energy spectrum of the observed particles from the sparticle decays, as shown in section III.B.
B. Sparticle Production Measurements
The cross sections and production angular distributions of sparticles have been calculated [3] . Computer simulations show clearly how these can be related to the angular distributions of observed decay particles [4] .
C. Electron Polarization
The ability to polarize the electron beam is extremely useful in the analysis of SUSY. Electron beam polarization of 80% has already been achieved at the SLC. For this study, we conservatively assume that there will be no improvements and that the positron beam cannot be polarized. The polarization can be used to vary the cross section of sparticles; in particular right-handed (left-handed) electrons can be used to enhance the production of right-handed (left-handed) selectron pairs. This effect is crucial for the measurement of the U(1) and SU (2) couplings; comparison with the standard model is a critical test of supersymmetry. The polarization can also be used to disentangle the contributions from different components of a mixed object. In addition, right-handed electrons can be used to reduce the standard model backgrounds, as discussed in more detail in section III.C.
D. Analysis Optimization
Due to the soft breaking parameters and D-terms that are present in SUSY the sparticle mass spectrum may have splittings of the order of tens of GeV's. Hence, in principle, many of the sparticles are produced simultaneously with similar decay signals. Nevertheless, a judicious choice of the collision energy can enhance the production of one sparticle over the other. For example, in the case of point 3 of our parameter space discussed in section II.A, the masses of the right-handed and left-handed selectrons are different by 9 GeV. Hence, tuning the collision energy and the electron polarization can enhance markedly the production of one sparticle over the other.
E. Signal over Background
In the SUGRA model, SUSY particles are produced in pairs and decay into the LSP, which is heavy and escapes detection. This leads to large missing energy and large angle, make the e + e ? collider environment particularly valuable. The standard model processes like W + W ? pair production and 2-processes have quite different characteristics. Therefore the SUSY production can be separated from these other processes leading to a high signal to background ratio. Figure 1 shows the distribution of visible energy for point 3 
II. SUPERSYMMETRY SIMULATION
The study of the capabilities of the NLC is based on the analysis of simulated events. We use ISAJET 7.22 [5] to generate the supersymmetric events and the W + W ? background events since they are sensitive to the electron longitudinal polarization and the program includes this dependence; we use PYTHIA 5.7 [6] and SPYTHIA 2.05 [7] to generate other backgrounds, mainly 2-processes since they are not sensitive to the electron polarization and these processes are not in ISAJET. We also use SPYTHIA to determine the effect of bremsstrahlung on the mass measurement resolution, as described in section II.B.3. In this section we discuss the SUSY models that were studied and describe the simulation programs used. after a series of cuts described in section III.A. The events were generated at p s = 500 GeV with 80% right-polarized electrons.
The signal to background ratio is about 30-to-1 after the cuts.
A. Parameter Sets
We chose to study five SUSY parameter sets that represent such diverse scenarios of particle production that analyzing them all would be representative of the capabilities of a Linear Collider. The parameters are given in Table I . Four of these are within the "minimal supergravity" or "SUGRA" framework, with a universal scalar mass (m 0 ) and a universal gaugino mass (m 1=2 ) as well as a universal scalar trilinear coupling parameter (A 0 ), all defined at the GUT scale [1, 2] . The resulting mass values are shown in Figure 2 .
The parameters were chosen to emphasize different sparticle production: Point 1 Chargino production Point 2 Slepton production Point 3 Charginos and sleptons Point 4 Higgsino-like chargino and additional Higgs bosons Point 5 Light stop production Point 3, also known as the comparison point, also has been studied by the TeV33 and LHC subgroups. This point is characterized by the fact that most of the sparticle masses are low and can be produced in all the accelerators discussed at this conference. All the particles are produced at once, making the study more complicated. The NLC is particularly useful in this case because, as discussed above, the energy of the machine can be tuned to observe particular signals.
Although we have chosen to study parameter sets within the SUGRA model, we note that the evaluation of the SUSY discovery capabilities is largely insensitive to our choice. In fact, precision studies with the NLC will also serve to stringently test the assumptions underlying the SUGRA framework. Table II lists the numbers of particles produced in some of the channels for the five parameter sets in one year of running at design luminosity (50 fb ?1 yr ?1 ). No matter which parameter set describes nature, NLC 500 ( p s = 500 GeV) will be able to produce thousands of supersymmetric events. Because of this and because of the high signal to background we can measure the masses, cross sections and branching ratios to a high precision.
B. Simulation Program
We use the ISAJET 7.22 event generator program to simulate supersymmetry. The SUGRA framework has been incorporated into ISAJET [8] , as have all lowest order e + e ? ! 2 sparticle Given a point in SUGRA space and a collider energy, ISAJET generates all allowed production processes according to their relative cross sections. The produced sparticles or Higgs bosons are then decayed into all kinematically accessible channels, with branching fractions calculated within ISAJET. The sparticle decay cascade terminates with the stable LSP, taken to be the lightest neutralino ( e 0 1 ). Final state QCD radiation is included, as well as particle hadronization. ISAJET currently neglects spin correlations, sparticle decay matrix elements, initial state photon radiation and beamsstrahlung effects. In the above reactions, spin correlation effects are only important for chargino and neutralino pair production, while decay matrix elements are only important for three-body sparticle decays.
Polarization
To facilitate investigation of polarized beam effects on signal and background cross sections, particle production via polarized beams has been included in the ISAJET e + e ? cross sections [10] . The degree of longitudinal beam polarization is parametrized as
In the above, n L;R is the number of left (right) polarized electrons in the beam, and f L;R is the corresponding fraction. An 80% right polarized beam corresponds to P L (e ? ) = ?0:6 and a completely unpolarized beam corresponds to P L (e ? ) = 0.
The inclusion in the simulation of the electron polarization is important because we need to understand its effect on our ability to sort out those signals which are topologicallysimilar but come from different sparticle production mechanisms; we will see that these mechanisms can most simply be untangled by changing the longitudinal polarization of the electron beam. The use of this effect in uncovering the various signals is discussed in detail in section III.C.
Detector simulation
We apply resolution broadening to each four-vector in the final state according to the performance assumptions of the detector being considered. There is a 2% detection inefficiency for all particles, independent of momentum, and the beam hole covers the region j cos j 0:99. The resolution parameters are listed in Table 2 .2, page 25, of the NLC report submitted to Snowmass [11] . In addition, all photons with E < 0:5 GeV as well as any charged particle with p T < 0:24 GeV are considered unobservable.
Beam energy
One of the questions to be answered by simulation is the effect of bremsstrahlung on our ability to make accurate measurement of the masses of sparticles. These beam effects distort the center of mass energy of the production and therefore affect the endpoint energies of the decay particles that are being measured.
Since ISAJET includes neither initial state radiation nor beamstrahlung, we studied the distortion of the secondary particle energy spectrum due to these effects using SPYTHIA. We used the beam energy spectrum in the Zeroth-Order design report [12] . Figure 3 shows how the electron energy distributionfrom e e R decays changes when initial state radiation is turned on in the simulation. We note that the spectrum changes at the few percent level but in a systematic way that can easily be corrected by simulation techniques. Hence this should not affect adversely the accuracy of the mass measurements. Nevertheless, it requires knowing the colliding beam energy spectrum well.
At the same time these effects reduce the number of events observed and hence affect the precision that can be attained on the measurement of the cross section and therefore the determination of the coupling constants. Knowledge of the beam energy spectrum also allows us to correct for the apparent changes in the cross sections.
III. ANALYSIS METHODS
This section discusses various analysis tools that we will be using later on in section IV. We begin with a discussion of the event selection, followed by a description of the mass measure- ment technique and conclude with a discussion of the studies that can be performed using electron polarization.
A. Event selection
At the NLC, the signatures of supersymmetry events are significantly different from those of standard model events. This makes it easy to separate the signal from the background.
In this section, we discuss the separation of the SUSY signal from the background. We take as an example point 3 data generated at p s = 500 GeV with 80% right-polarized electrons. Figure 4 shows the distributions of the quantities we will be cutting on to separate the SUSY signal from the W + W ? background. We focus on W + W ? events, since they are the primary source of the background; they are copiously produced (see Figure 10 ) and they often decay through modes with neutrinos (and thus missing energy). In this analysis, we calculate the thrust axis of the event and divide the event into two hemispheres; the forward hemisphere is defined to be the hemisphere that contains the greater energy. The cuts that we use for these plots are: j cos thrust j < 0.85 Figure 4 shows the four cut quantities after successive cuts; the plots are (a) the distributionof j cos thrust j for all events, (b) the energy in the backward hemisphere after the j cos j cut, (c) the number of particles per jet after the E back cut and (d) E for after the cut on the number of particles per jet.
After these four cuts, the resulting visible energy distribution is as shown in Figure 1 ; the background is almost completely eliminated.
cos(θ thrust) 
B. Mass Measurements
In our studies, we assume that R-parity is conserved, which means that there will always be a lightest supersymmetric particle which will carry away significant amounts of energy.
Many supersymmetric particles will have 2-body decays, for example e e R ! e 0 1 e , as shown in Figure 5 ; in this case, the electron has a unique energy in the rest frame of the e e R , and so its energy in the laboratory frame will have a box distribution, Although these expressions have been written for this particular decay, it should be clear that these apply to any two-body decay including those where the daughters decay further, e.g. e t 1 ! be + 1 , which has been used in Ref. [10] to obtain the chargino and t-squark mass.
We show below typical fits to energy spectra and the resulting mass determinations from the fits. We consider here only the results using point 3 in the SUGRA parameter space and a colliding energy of 500 GeV. These results have also been presented in the report submitted to Snowmass [11] . Figure 6 shows the energy distribution of electrons from~ e decays that arise from the process e + e ? ! e e e e and the decay chain ! e ? e Another possible measurement of mass can be done with three body decays. For example, for the case of the SUGRA point 5 in our parameter space, we can measure the~ the production cross section is 850 fb. The branching ratio intõ 0 1 and 2 jets (jj) is 65.8%; a typical one-year run at 50 fb ?1 will produce over 18000 events. The resulting E jj spectrum does not have a sharp endpoint behavior because of the 3-body nature of this decay. Hence we cannot use this spectrum to determine the masses accurately. But since the combined masses for the two jets, M jj , does not vary much in this case we can simulate a two body process by keeping only events whose value of M jj is near a given value. Figure 7 shows the E jj distribution when M jj is near 30 GeV. The fit to the energy spectrum leads to masses 
C. Measurements using Polarization
The study of the production cross section of supersymmetric particles as a function of the longitudinal polarization of the electrons is of fundamental importance to understanding whether we are observing supersymmetry. Within the context of the SUGRA model the cross section of many of the supersymmetric particles varies markedly as we vary the polarization. This is because left-handed polarization enhances production via the SU(2)-like couplings and right-handed polarization enhances production via the U(1)-like couplings. Supersymmetry requires that these coupling constants be the same as those of the standard model. For those sparticles which are mixtures of the SU(2)-and U(1)-like particles, this technique allows us to measure the amount of mixing. Hence we can unravel the various first order Feynman diagrams responsible for these processes and determine the magnitude of the various coupling constants. This measurement is a crucial test of supersymmetry, independent of any model. We will also see examples of other measurements which allow us to test the additional assumptions behind the SUGRA framework, and specify the measurements that are necessary for these tests to be reliably carried out at the NLC. In this report we show how these cross sections vary assuming the SUGRA model is correct and indicate which sparticle productions need to be measured to make these tests. Figure 9 shows the cross sections as a function of polarization for point 3 as generated by ISAJET (the Snowmass Report [11] and Ref. [10] show the corresponding plots for the other four points). This should be compared with Figure 10 , which shows the standard model processes. Many of these processes are backgrounds for SUSY since they can produce neutrinos that mimic the LSP. The background due to W + W ? production can be significantly reduced by using right-polarized electrons.
We see from Figure 9 that e e L and e e production dominates e e R production for left-handed electron polarization, while the opposite is true if the polarization is reversed.
In the case of e e L;R production one has two channels, the Zs-channel process and the t-channel e When the incident electron is left-handed, the production of e e L occurs via s-channel and via both the bino and wino parts of the neutralinos in the t-channel. Hence, by use of the electron polarization we can unravel the fraction of wino and bino that make up the neutralino, an important measurement needed to deter- mine the validity of the SUGRA framework.
The e e production also has two channels, the Z s-channel process and the t-channel e 1 exchange. Since the the chargino is mainly a wino, the effects of electron polarization are even more clearly separated (the chargino's Higgsino component can be neglected because the magnitude of its coupling constant is proportional to the electron mass). If the incident electron is right handed the chargino t-channel does not contribute to e e production. If the incident electron is left-handed it does contribute. Again this measurement is crucial to our understanding of the chargino and in confirming the SUGRA framework.
IV. MODEL-INDEPENDENT ANALYSIS
This section presents a model independent analysis as an example of what can be done at the NLC. For this example, we assign the parameters of the model to those of parameter set 3. Our analysis will be independent of this choice; the data will drive us to the conclusion that nature is described by the point 3 parameters, but the analysis should work regardless of which set of parameters is realized.
We measure the following quantities:
Masses Figure 11 : The steps of the analysis, assuming that nature is parametrized by point 3. The boxes show the CM energy and the minimum integrated luminosity to perform the measurements described in the text. Figure 11 describes the steps that will be taken in this analysis. In real life, if nature is parametrized by point 3, we will have inputs from LEP2, LHC and TEV33 to guide us. In fact, for this particular example the lightest Higgs and the lightest neutralino will have been discovered, although this is not true for all possible SUSY parameters. The figure indicates the branches that would be taken if nature is described by parameters other than point 3. It also lists the minimum integrated luminosity needed at each energy to determine the SUSY parameters within reasonable errors, as described in the following sections.
A. 350 GeV
We start the analysis by assuming that we take data at 350 GeV. This energy approximately bifurcates the SUSY discovery space (and it also happens to be the tt threshold). If no SUSY particle is discovered at all, we search at a higher energy.
If the lightest neutralino and a right-handed slepton are discovered, but no chargino, then point 3 is ruled out and we run the NLC at 4m~ 0 1 (assuming the unification of gaugino masses which is part of the minimal SUGRA framework, this is twice the chargino mass). This would correspond to parameter set 2 in our study. A study of a similar point has already been performed for the JLC detector [4] .
In the case that we are studying, the neutralinos and charginos are light, so we choose to go down to 250 GeV in order to measure the masses of the neutralinos e 0 1;2 and the chargino e 1 .
These measurements are better at the lower energy, since it eliminates potentially confusing cascade decays and it improves the resolution of the mass measurement technique.
B. 250 GeV
At a center of mass energy of 250 GeV, the only sparticles that can be produced are the e 0 1 , e 0 2 and e 1 . Table III lists the production cross sections at this energy. 
Properties of the chargino
One study to be performed is the measurement of the cross sections for chargino production as a function of electron polarization. As Figure 12 indicates, for p s m Z , left-handed electrons can produce charginos whether or not the chargino is gaugino-like or Higgsino-like, while right-handed electrons can only produce charginos if the chargino is Higgsino-like. Thus, if L R , then the chargino is gaugino-like; Table III indicates that this is the case in the SUGRA model we are using in our simulation.
By a Monte Carlo study we have determined that with 20 fb ?1 of data, and 80% electron polarization, we can determine the left-and right-handed cross sections to (P L = +0:6) = 1:5% (P L = ?0:6) = 2:0%
Chargino and neutralino masses
To measure the masses of the e 1 and e Table IV shows that this exhausts the measurable possibilities for these sparticle decays. Because the chargino cross-section depends on the sneutrino mass, this measurement allows us to predict that the mass of the sneutrino will be less than 250 GeV. This prediction is model independent; it holds for any choice of soft-supersymmetry breaking terms. Given these results the next step is to run the NLC at 500 GeV to study the masses of sneutrinos and the sleptons. 
C. 500 GeV
At 500 GeV, the energy is sufficient to produce sleptons and sneutrinos. According to R events will be produced; from Table V , we see that the decay e e R ! e 0 1 e dominates. Thus the signal will be two isolated electrons and large missing energy. Figure 15 shows the distribution of electron energies from the decay e e R ! e 0 1 e . The endpoints of the distribution determine the masses the e e R and the e 0 1 , as shown in Figure 16 . In this example, the fit values of the parameters do not coincide exactly with the input values; this is partly due to background from other decays which distort the endpoints of the energy spectrum. Since this effect is correctable, the most important feature to notice is the size of the uncertainties in the masses. (To be conservative, however, we have taken the errors on the masses to be mẽ R = 2 GeV and m~ 0 1 = 1:5 GeV. Note that the e 0 1 mass measurements from section IV.B could have been used to provide an additional constraint on the e e R mass.)
With 20 fb ?1 of data at 500 GeV for 80% right-handed elec- + , which has no standard model background but suffers from low statistics [10] .
Given these measurements we can fit for the underlying supersymmetry parameters which describe the neutralino and chargino masses and mixings, namely M 1 , M 2 , and tan . If we assume the grand-unified assumption between M 1 and M 2 ,
we determine (at 68% CL)
We illustrate the 2 contours in Figures 17 and 18 . If we combine the measurements of the slepton masses with the SUGRA assumption, then we can predict that the squark masses are mq= 322 7 GeV. We can run the NLC at 800 GeV to verify this prediction. We can also measure the properties of the heavy neutralino and chargino masses at this energy.
D. 800 GeV
To obtain measurements of the heavier SUSY particles, we run the NLC at 800 GeV. Table VII lists the production cross sections for point 3 at 800 GeV.
At a center of mass energy of 800 GeV it is relatively easy to devise a set of cuts which isolate a sample of primarily squark events. One of the cuts we applied requires the observation of two b-jets. Hence our sample is dominated by e t and e bproduction. ) the jet energy distribution can be used to derive a generic squark mass of 307 GeV, using the standard endpoint technique. This value lies in the middle of the range of squark masses for the comparison point and amounts to a 10% measurement of the squark mass.
The final step in this analysis, which we will not detail in this report, would entail running the NLC at p s = 1000 GeV to mea- 
V. TESTS OF SUPERSYMMETRY
In the previous section techniques were described to measure supersymmetric masses and mixing angles such as m~ , tan , etc. In the process of this extraction we have made very few model assumptions. Implicit in the analysis, however, was the assumption that the new phenomena measured is indeed origi- nating from supersymmetry with minimal particle content. In this section, we describe some experiments at the NLC which allow us to test this assumption. A powerful hint for supersymmetry would be discovery of new particles which have the correct quantum numbers to be supersymmetric partners of the standard model particles. Nevertheless, it would only be a strong hint and not "proof" that nature is supersymmetric. More compelling evidence can be provided by looking at the couplings of different operators which are related by supersymmetry invariance. Just as gauge invariance forces relations among interactions, so does supersymmetry invariance. One example of these relations is It is useful to call the g 2 on the RHS of Eq. 1 g 2 and then experimentally test whether g 2 = g 2 . One of the most effective ways to make this test is in the production of e ? L e + ! + 1 ? 1 [13] . The Feynman diagrams for this production process are contained in Figure 12 A determination of g 2 this close to g 2 is a good quantitative test that supersymmetry is realized in nature. The analysis also predicts m~ ' 400 GeV. Tuning the center of mass energy sufficient to directly detect this particle and measuring its mass near 400 GeV would greatly strengthen the claim for supersymmetry. The direct measurement of m~ could then be used in the analysis to test g 2 = g 2 to better than 5%.
Other tests similar to the one described above can be performed to verify supersymmetry. For example, supersymmetry invariance relates The RHS is a term in the chargino mass matrix mixing the wino and Higgsino fermions. This mixing term is proportional to can be tested [13] , then supersymmetry has passed another test. More precise tests of supersymmetry have been suggested by [14] using slepton pair production. The production cross- Since supersymmetry cannot be an exact symmetry of nature, one does not expect these equalities among the couplings discussed above to hold at arbitrary precision. Indeed, small deviations of O(1%) in these relations are expected to manifest themselves due to logarithmic sensitivity to the decoupling of higher mass supersymmetric states. The test described above is so precise that it begins to be sensitive to these tiny deviations in the relation between gBẽ R eR and g 0 due to supersymmetry breaking. With more luminosity it is even perhaps possible to extract a rough estimate of the squark mass scale from this measurement [14] . Once supersymmetry has been established the next most important question to answer is what is the mechanism underlying supersymmetry breaking? There is no compelling model for a pattern to the soft supersymmetry breaking masses which make all the scalars and gauginos heavy, except that they must satisfy gauge invariance in the full Lagrangian. Since the NLC can directly measure the gaugino and scalar masses with high precision, experiments at the NLC will provide invaluable guidance that may help uncover the physics of SUSY breaking, and thus distinguish between various theoretical approaches [2] .
We discuss briefly two examples of mass relations that would be extremely valuable to know to make sense of the theory. The first relation is between the gaugino masses. Grand unified theories (GUT), which typically have a unified gaugino mass at the GUT scale, make definite predictions for the mass ratios of the different gauginos. Renormalization group equations to one loop predict that
Since all the M i unify to m 1=2 at the GUT scale and all the i unify to G at the GUT scale, one can make the prediction that
This is commonly referred to as the "GUT relation between M 1 and M 2 ." Other models of supersymmetry which do not incorporate grand unification also may predict this "GUT relation" [2] . The principle of supersymmetry does not dictate any relation between M 1 and M 2 and so it is an experimental question to find out if M 2 =M 1 ' 2.
An example of this kind of test was given in [4] . The set of parameters they studied was Studying the scalar mass spectroscopy can also provide useful information about the underlying theory of supersymmetry. As an example, we can write down the difference between the low energy physical massesẽ L andẽ R as term at the GUT scale, and (c) minimal gauge mediated (MGM) model of supersymmetry breaking which has a "boundary condition scale" for the soft masses much lower in scale than the supergravity theories of (a) and (b). This "boundary condition scale" in the MGM is usually called the messenger scale, M, and is typically O(10 5 GeV). In these three theories, where G ' 0.04 is the value of the gauge couplings at the GUT scale. In each model the "GUT relation" M 2 ' 2M 1 holds. Therefore, we can get an approximate numerical relationship be- The precise determination of these parameters then can be used to cautiously predict other observables such as the squark masses, heavy gauginos, and heavy Higgses.
Finally, if one were to assume at the outset that nature is described by an mSUGRA model, then one can try to interpret all measurements in only this framework and simply wait for a large deviation to appear before discounting the model. That is, a 2 can be formulated, as is currently done in the standard model, which incorporates all the observables which are measurable at NLC, and as long as the 2 remains sufficiently small then we maintain confidence in the mSUGRA model. Planning an experimental program based on this notion is naive since mSUGRA is approximately a measure zero set of all the viable alternatives in supersymmetry. It is therefore vital that one can iterate through a model independent analysis to determine experimentally what the underlying weak-scale parameters of the theory are, rather than making numerous simple hypotheses hoping that the postulated theory can then be verified.
VI. CONCLUSIONS
In this paper, we have considered general methods for discovering supersymmetry and measuring the properties of supersymmetric particles at the NLC. In particular, we have explored one specific model of SUSY and shown how the NLC can be used to fully reconstruct the parameters of the model. The NLC will be essential to fully explore supersymmetry if it should exist, and offers the unique potential to make precision measurements that would allow us to begin to explore physics at still higher energy scales, perhaps all the way to the scale at which the forces of nature are unified.
